Bone regeneration is a process of vital importance since fractures of long bones and large joints have a highly deleterious impact on both, individuals and society. Numerous attempts have been undertaken to alleviate this severe medical and social problem by development of novel bioactive materials, among which bioactive glass is the most attractive because of its osteoconductive and osteostimulative properties. Since lipid peroxidation is an important component of systematic stress response in patients with traumatic brain injuries and bone fractures, studies have been undertaken of the molecular mechanisms of the involvement of 4-hydroxynonenal (HNE), an end product of lipid peroxidation, in cellular growth regulation. We found that HNE generated in bone cells grown in vitro on the surfaces of bioactive glasses 45S5 and 13-93. This raises an interesting possibility of combined action of HNE and ionic bioglass dissolution products in enhanced osteogenesis probably through a mitogen-activated protein kinase (MAPK) pathway. While the proposed mechanism still has to be elucidated, the finding of HNE generation on bioglass offers a new interpretation of the osteoinducting mechanisms of bioglass and suggests the possibility of tissue engineering based on manipulations of oxidative homeostasis.
INTRODUCTION
Bone is a dynamic, highly vascularized tissue with a unique internal repair capacity to heal and remodel without scarring (Buckwalter et al., 1996a; 1996b) . Skeletal development and fracture repair includes the coordination of multiple events such as migration, differentiation, and activation of multiple cell types and tissues (Colnot et al., 2005) .
The molecular events that govern fracture healing are a complex network of signals signifying tissue damage, cell death, cell recruitment, cell proliferation, cell differentiation, and tissue formation (Dimitriou et al., 2005) . The phases of fracture healing can be summarized as: hematoma formation, inflammation, angiogenesis, cartilage/callus formation, and bone remodeling. Different sets of molecules interact with both local cells and circulating cells to coordinate the healing cascade: effectors of inflammation (IL-1, IL-6, COX-2), mitogens (transforming growth factor beta (TGFβ), insulin-like growth factor (IGF), fibroblast growth factor (FGF) and platelet derived growth factor (PDGF)), morphogens (bone morphogenetic proteins (BMPs)), and angiogenic factors (vascular endothelial growth factor (VEGF) and angiopoietins).
Bone fractures, especially of long bones or large joints, are a major medical disorder and are often not followed by successful recovery particularly in elderly patients, in patients that suffer from multifragmentary bone fractures or in polytraumatized patients. In a large number of cases the resulting skeletal deficiencies require surgical intervention and repair. Currently three different graft types are used for reconstructive surgery: autogenic grafts, allogenic grafts, and bone substitutes. Because of some drawbacks of autografts and allografts, like donor site morbidity, limited donor bone supply, rejection phenomena and risk of viral infection, a wide range of bioactive materials as calcium phosphate ceramics (Ca-P), bioactive glasses (BG) and bioactive glass-ceramics have been introduced. A bioactive material is by definition "one that elicits a specific biological response at the interface of the material that results in the formation of a bond between the tissues and the material" (Hench et al., 1971) . These materials generate a carbonated hydroxyapatite layer that is equivalent chemically and structurally to the biological mineral of the bone, which is known to be the determining step for biointegration (Kitsugi et al., 1987) . Furthermore, it has been found that bioactive glasses containing less than 55 % SiO 2 exhibit not only osteoconductivity (able to support abundant bone formation), but are also responsible for osteoproduction by stimulating proliferation and differentiation of osteo- e-mail: zarkovic@irb.hr * Presented at the COST B-35 Work Group 4 Open Workshop "Natural and synthetic antioxidants", September 25-26, 2009, Rzeszów, Poland. Abbreviations: ERK, extracellular signal regulated kinase; FGF, fibroblast growth factor; HNE, 4-hydroxynonenal; IGF, insulin-like growth factor; JNK, Jun NH 2 -terminal kinase; MAPK, mitogenactivated protein kinase; NF-κB, nuclear factor-κB; PDGF, platelet derived growth factor; PKC, protein kinase C; ROS, reactive oxygen species; TGFβ, transforming growth factor beta; VEGF, vascular endothelial growth factor. Vol. 57, No. 2/2010 173-178 on-line at: www.actabp.pl progenitor cells (Ohgushi et al., 1996) . A major bonebioactive material is the 45S5 bioactive glass (Hench et al., 1971) . It is highly bioactive and both osteoinductive (able to induce bone formation) and osteoconductive. Moreover, it has been shown that the ionic dissolution products of 45S5 Bioglass may enhance new bone formation (osteogenesis) through direct control of genes that regulate cell induction and proliferation (Xynos et al., 2000) . A recent report demonstrates that the dissolution products of 45S5 Bioglass create an extracellular environment that is capable of supporting osteoblast phenotype expression and extracellular matrix deposition and mineralization in vitro in human fetal osteoblasts (Tsigkou et al., 2009 ). There are also indications from previous reports of in vivo studies (Day et al., 2004 ) that bioactive glass (45S5 Bioglass) enhances vascularization of tissue engineering constructs.
Another silicate-based bioactive glass that we examined in our research is the 13-93 bioactive glass with a composition slightly modified relative to that of 45S5. The 13-93 glass supports in vitro growth and differentiation of MC3T3-E1 preosteoblastic cells , and quantitative measurement of DNA showed no significant differences in cell proliferation induced by dense disks of 45S5 and 13-93 glass .
On the other hand, our previous research has revealed a connection between stress response and the phenomenon of enhanced osteogenesis in patients with traumatic brain injury. These patients are characterized by a very short period of bone healing followed by heterotopic ossification or hypertrophic callus formation. This stress response involves hormonal imbalance associated with changing growth factor activities, in particular bFGF (Wildburger et al., 1994; 1995) and IGF-1 (Wildburger et al., 2001) , together with oxidative stress and lipid peroxidation (Wildburger et al., 1997; . Thus, lipid peroxidation is an important parameter of systemic response in patients with traumatic brain injuries and with bone fractures.
Lipid peroxidation occurs when reactive oxygen species (ROS) generated during oxidative stress damage lipids mostly present in the plasma, mitochondrial, and endoplasmic reticulum membranes. One of the major toxic products generated during lipid peroxidation, considered as "second messenger of free radicals", is the α,β-unsaturated aldehyde 4-hydroxynonenal (HNE), which is derived from ω-6 polyunsaturated fatty acids such as arachidonic acid and linoleic acid (Esterbauer et al., 1991) . Recent results have shown that HNE acts as a growth-regulating factor interfering with the activity of cytokines and may affect the growth of cultured human bone cells (Sunjic Borovic et al., 2005; Borovic et al., 2007a) . HNE is a major bioactive marker of lipid peroxidation (Zarkovic, 2003) that acts as a second messenger of free radicals and a signaling molecule interfering with the activities of various signal kinases, such as protein kinase C (PKC) and mitogen-activated protein kinases (MAPKs), to regulate cellular processes from proliferation to differentiation and apoptosis (Leonarduzzi et al., 2004) . Because of its involvements, HNE is considered as a particularly interesting biomolecule that might play an important role in regulating regeneration of damaged tissue such as bone.
Since our previous research had shown that HNE has a role in differentiation, apoptosis and cell proliferation (Sunjic Borovic et al., 2005) in human osteoblast cells and can increase cell growth in physiological concentrations (Borovic et al., 2007b) we wanted to find out whether HNE-protein adducts are formed in human osteosarcoma (HOS) cells in contact with bioactive glasses during bone growth in vitro.
MATERIALS AND METHODS
Bioactive glass. Bioactive glasses 45S5 and 13-93 (supplied by Mo-Sci Corporation, USA, 10 cm long rods of 10 mm diameter) were cut into 1 mm thick discs (composition of both bioactive glasses is shown in Table 1). The discs were sterilized in 70 % ethanol, left to dry in a laminar flow hood and treated under UV light for 20 min. After sterilization the discs were put in a 24-well plate (TPP, Switzerland).
HOS cells. The human osteosarcoma cell line HOS was obtained from American Type Culture Collection (ATCC). Cells were maintained in DMEM (Dulbecco′s modified Eagle's medium, Sigma, USA) with 10 % (v/v) foetal calf serum (FCS, Sigma, USA) in an incubator (Heraeus, Germany) at 37 °C, with a humid air atmosphere containing 5 % CO 2 . The cells were detached from semiconfluent cultures with a 0.25 % (w/v) trypsin solution for 5 min. Viable cells (upon Trypan Blue exclusion) were counted in a Bürker-Türk hemocytometer and used for experiments.
Immunocytochemistry. Cells were seeded at 2 × 10 4 cells in 100 µl of medium on the upper side of bioglass specimens 45S5 and 13-93 (concentration: 2.55 × 10 4 cells/cm 2 ) and left for 3 h to attach before adding media to cover the glass discs. Cell cultures developed on standard histological glass served as controls. Quadruplicates of cultures were prepared for immunostaining performed on the 3rd day of cell culturing.
Immunostaining for HNE-modified proteins was carried out on formalin-fixed cell samples with monoclonal antibodies obtained from culture medium of clone "HNE 1g4", produced by fusion of Sp2-Ag8 myeloma cells with B-cells of a BALB-c mouse immunized with HNE-modified keyhole limpet hemocyanine. The antibody is specific for the HNE-histidine epitope in HNEprotein (peptide) conjugates and gives only 5 % cross reactivity with HNE-lysine and 4 % with HNE-cysteine (Waeg et al., 1996) .
Immunostaining was performed as described before using LSAB kit (DAKO, Denmark). Briefly, samples were incubated with anti-HNE monoclonal antibodies (dilution 1 : 10) for 2 h in humid chambers at room temperature, washed three times for 5 min with phosphate-buffered saline (PBS) and then incubated with biotinylated secondary antibody for 30 min. After washing with Tris-buffered saline (TBS), three times for 5 min, samples were incubated with streptavidin peroxidase for 30 min. Finally, the reaction was visualized with DAB (3,3-diaminobenzidine tetrahydrochloride in organic solvent; DAKO, Denmark) giving a brown color that indicated the presence of HNE. Negative control was done without application of HNE-histidine specific mono- Analyses of ROS production. After seeding at a density of 2 × 10 4 cells/bioglass disc, cells were incubated for 72 h. Quadruplicates of cultures were prepared for the analysis performed on the 3rd day of cell culturing. On the third day of cell cultivation, a nonfluorescent probe for intracellular ROS detection, 2′,7′-dichlorofluorescin diacetate (DCFH-DA, Fluka), was added to cell medium to a final concentration of 10 µM. This cell-permeable dye remains nonfluorescent inside the cell until the acetate groups are removed by intracellular esterases and oxidized by intracellular ROS to the fluorescent compound 2′,7′-dichlorofluorescein (DCF) which can be detected as a measure of intracellular ROS. Fluorescence intensity was observed with a microscope (Zeiss Axiovert 25).
RESULTS AND DISCUSSION
Immunochemical analysis revealed that during incubation of human bone cells in vitro on bioactive glasses 45S5 and 13-93, HNE is generated in the cells, unlike in cells growing on normal histological glass (Fig. 1) . This suggests a possible physiological role of HNE in bone regeneration process not associated with cytotoxicity because the cells were proliferating (increasing their number) during cultivation period (not shown) as previously reported (Xynos et al., 2000; Brown et al., 2008) . Moreover, since HNE is considered a "second messenger of free radicals", oxidative stress and lipid peroxidation should not only be considered as generators of biomolecular damage, and thus important contributors to aging as well as causative factors of diseases, but also as possible mediators of normal physiological functions . That allowed consideration of oxidative stress also as a physiological process introducing new term "oxidative homeostasis", which implies involvement of reactive oxygen species (ROS) and lipid peroxidation in various physiological processes . In favor of this possibility is also the atypical growth pattern observed when HOS cells were cultured on bioglass. Namely, the cells grown on standard histological glass formed a typical monolayer and did not produce endogenous HNE-protein adducts, while those grown on bioglass formed a tissue-like multilayer producing abundant HNE (Fig. 1) . The disadvantage of thus enhanced tissue-like growth of the HOS cells cultured on bioglass unfortunately limited the possibility of quantitative analyses of the amount of HNE-protein adducts formed. The rigidity of the tissue-like structures formed by HOS cells grown on bioglass did not allow their removal as intact cells or cell lyses that would allow semiquantitative immunocytochemical analyses or quantitative analyses using enzyme-linked immunosorbent assay for the HNE-histidine adducts based on the use of the same monoclonal antibodies as was done before for the HOS cells cultured under standard conditions (Borovic et al., 2006) . However, since no HNE-histidine adducts were detected in cells cultured on normal histological glass, but only if the cells were grown on bioglass, we could conclude that the growth of the HOS cells in a tissue-like pattern on bioglass was associated with production of HNE, known to act as a growth-regulating factor and signaling molecule considered also as a second messenger of free radicals.
To further reveal if the HOS cells grown on bioglass undergo physiological oxidative stress manifested by ROS and HNE production, we determined endogenous ROS production during cell growth on the bioactive glass by a specific fluorescence method (DCF, Fig. 2 ). As can be seen in Fig. 2 , ROS may trigger lipid peroxidation and generation of HNE, which is in turn able to induce ROS production, which usually leads to the self-catalysed process of lipid peroxidation that could destroy the cells. However, in our study it appeared to enhance the growth of HOS cells on bioglass. Therefore, we would like to offer some possible explanations why HNE-protein adducts could be found in bone cells grown on the bioglass surface in vitro, keeping in mind that further studies are necessary to fully explain the observed beneficial effects of the endogenous oxidative stress and lipid peroxidation occurring in HOS cells growth on bioglass. There is growing evidence for physiological generation of ROS that can occur as a byproduct of other biological reactions. NADPH oxidase is known to be the major source of ROS, but ROS generation also occurs with mitochondria, peroxisomes, cytochrome P450, and other cellular components (Bedard & Krause, 2007) . Several growth factors and cytokines binding to different types of cell membrane receptors can elicit a rise in intracellular ROS. It has been found that generation of ROS is induced with TGFβ in mouse osteoblastic cells and in human lung fibroblasts (Kamata & Hirata, 1999) and with PDGF in human lens epithelial cells (Chen et al., 2007) . Furthermore, it has been reported that ROS activate MAPK pathways in several systems, including extracellular signal regulated kinase (ERK)1/2, Jun NH 2 -terminal kinase and P38 MAPK cascades (Henrotin et al., 2003) .
On the other hand, intracellulary generated ROS induce lipid peroxidation and formation of reactive aldehydes of which HNE is one of significance. When present in the cell, HNE forms stable covalent HNE-protein adducts by reaction with cysteine, lysine and histidine residues (Zarkovic, 2003; Uchida, 2003) . These protein adducts were found in normal skeletal development during embryogenesis (Yan & Hales, 2006) and in various tissues of animal and human origin . The impact of HNE on the fate of the cell is dose-dependent; at low levels, HNE promotes cell proliferation, whereas at higher concentrations it induces cell cycle arrest, differentiation, and finally apoptosis (Awasthi et al., 2005) . Exposure to HNE induces vascular smooth muscle growth, accompanied by the activation of MAPKs (ERK, c-Jun NH 2 -terminal kinase, and p38), the induction of c-fos and c-jun gene expression, and activator protein 1 (AP-1) DNA binding activity (Kakishita & Hattori, 2001) . Others have reported that HNE conjugates of glutathione, the most important cellular antioxidant involved in HNE detoxification, activate PKC and stimulate nuclear factor-κB (NF-κB) and AP-1-dependent gene transcription leading to cell proliferation (Ramana et al., 2006) . Furthermore, recent observations show that stimulation with HNE at sublethal concentrations induces adaptive response and enhances cell tolerance, thereby protecting cells against the forthcoming oxidative stress (Niki, 2009 ).
On the other hand, bioglass ionic dissolution products were found to stimulate several growth factors including IGF-II, a key regulator of osteoblast homeostasis, and VEGF, a member of the fibroblast growth factor family with osteogenic potential. Several intracellular signal- ing molecules are involved in osteoblast activation due to IGF-II and VEGF, including the ERK and MAPK pathways. Four kinases have been shown to be induced by the treatment, MAPKAP kinase-2, MAPK-2, MAPK p38, and ERK1 (Xynos et al., 2000) .
We should also mention the complexity of the biological response involved in bone regeneration. Several mechanisms have been reported, like the Indian hedgehog (Ihh) pathway, bone morphogenetic protein (BMP) pathway, canonical Wnt-β-catenin pathway and MAPK pathway the most interesting from our point of view. The MAPK pathway was found to be an obligatory transducer crucial for post-fracture bone healing because it transduces signals from several growth factors (FGF, IGF, EGF) (Deschaseaux et al., 2009) .
So, taking all the above into consideration, we propose a combined effect of bioglass dissolution products and HNE in bone regeneration during fracture healing and suggest an involvement of the MAPK pathway (Fig. 3) .
Consequently, we speculate that bioglass functionalized with physiological concentrations of HNE prior to its implantation in damaged bone tissue could more efficiently trigger signaling reactions and enhanced osteogenesis. Although more investigation should be done, a report of a successful use of carbon nanotubes functionally activated with HNE for stimulation of neuronal growth in vitro (Mattson et al., 2000) is encouraging.
